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INTRODUCTION 

Whi le  t h e r e  have been a l a r g e  b e r  o f  e l e c t r o n  s p i n  resonance 
(ESR)  s t u d i e s  o f  coa l  and coa l  p roduc ts ,  '/YT p rev ious  i n t e r p r e t a t i o n s  were 
based on t h e  ' 'average" p r o p e r t i e s  o f  c o a l s  due t o  t h e  chemical 
he te rogene i t y  o f  t h e  coa l  samples examined. The recen t  e v o l u t i o n  o f  
maceral  s e p a r a t i o n  techn iques  p e r m i t s  d e t a i l e d  ESP observa t i ons  on coa ls  o f  
d i f f e r e n t  rank, f o r  which maceral  t ype ,  and maceral  d e n s i t y  can be 
d i s c r i m i n a t e d  s imu l taneous ly .  The p resen t  ESR survey  o f  carbon r a d i c a l s  i n  
separa ted  macera ls  shows t h a t  each maceral t y p e  e x h i b i t s  c h a r a c t e r i s t i c  
carbon r a d i c a l  p r o p e r t i e s .  Furthermore, t h e  p r o p e r t i e s  o f  carbon r a d i c a l s  
change w i t h i n  a g i ven  maceral  t y p e  as t h e  d e n s i t y  var ies .  

EXPERIMENTAL PROCEDURES 

A t o t a l  o f  37 samples f rom 16 c o a l s  o f  t h e  Pennsy lvan ia  S t a t e  
U n i v e r s i t y  coa l  da ta  base (PSOC) were examined. Separate f r a c t i o n s  were 
o b t a i n e d  by i s o p y c n i c  d e n s i t y  g r a d i e n t  c e n t r i  a t i o n  o f  smal l  ( - 3 p )  coal  
p a r t i c l e s  i n  a aqueous CsCl d e n s i t y  g rad ien t . fY$  The i n d i v i d u a l  samples 
a r e  l i s t e d  by PSOC numbers, maceral  t ype ,  and dens i t y ,  i n  Table 1. A f t e r  
separa t ion ,  t h e  samples were k e p t  under d r y  n i t r o g e n  u n t i l  t hey  were 
t r a n s f e r r e d  t o  ESR tubes  and sea led  under he l i um gas. T y p i c a l  ESR sample 
we igh ts  were approx ima te l y  10 mg. The ESR observa t i ons  were conducted a t  
9.5 GHz i n  a Var ian  E - l i n e  ESR spec t rometer  w i t h  v a r i a b l e  tempera ture  
c a p a b i l i t i e s  f rom 90K-300K. The g-value, l i n e w i d t h  (de f i ned  as t h e  
s p l i t t i n g  between peaks o f  t h e  d e r i v a t i v e  cu rve  o f  t h e  ESR a b s o r p t i o n  - 
AH ) and t h e  i n t e n s i t y  o f  t h e  carbon r a d i c a l  s i g n a l  were observed i n  each 
ca!&. 

Before d i s c u s s i n g  t h e  c o r r e l a t i o n  o f  these p r o p e r t i e s ,  it i s  
u s e f u l  t o  n o t e  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  response o f  carbon r a d i c a l s  
i n  d i f f e r e n t  maceral  t ypes  t o  t h e  a p p l i e d  microwave f i e l d .  A t  s u f f i c i e n t l y  
low microwave powers, t h e  r a d i c a l  i n t e n s i t y  v a r i e s  l i n e a r l y  w i t h  microwave 
f i e l d  s t r e n g t h ,  o r  e q u i v a l e n t l y  v a r i e s  as t h e  square r o o t  o f  t h e  microwave 
power. A t  h i g h e r  powers, t h i s  response i s  l e s s  than  l i n e a r ,  a phenomenon 
known as s a t u r a t i o n ,  when t h e  microwave power absorbed by t h e  carbon 
r a d i c a l s  exceeds t h e  r a d i c a l s '  a b i l i t y  t o  d i s s i p a t e  i t  t o  t h e i r  
environment.  Th i s  p rocess  i s  i l l u s t r a t e d  i n  F i g u r e  1 ,  where t h e  r a d i c a l  
i n t e n s i t y ,  d i v i d e d  by t h e  square r o o t  o f  t h e  microwave power, i s  p l o t t e d  as 
a f u n c t i o n  o f  t h e  l o g a r i t h m  o f  t h e  microwave Dower. The f l a t  resDonse a t  
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powers i n d i c a t e s  t h e  onset of s a t u r a t i o n .  It i s  c l e a r  f rom F i g u r e  1 t h a t  
v i t r i n i t e  sa tu ra tes  a t  l ow  powers, a f a l l - o f f  b e i n g  no ted  a l ready  
a t  - l o p  Watts of microwave power. A s i m i l a r  d e p j r t u r e  f rom l i n e a r  behav io r  
does no t  occur  i n  i n e r t i n i t e  u n t i l  powers o f  -10 &! a r e  app l i ed .  E x i n i t e  
i s  i n t e r m e d i a t e  i n  behavior.  To a v o i d  s a t u r a t i o n - r e l a t e d  problems, a l l  
samples were r u n  a t  microwave powers o f  3pW, i n d i c a t e d  by t h e  ar row and 
dashed- l ine  i n  t h e  f i gu re .  

EXPERIMENTAL RESULTS 

c l e a r  d i s t i n c t i o n s  between d i f f e r e n t  maceral types. F i g u r e  2 shows t h a t  
e x i n i t e  macerals have low d e n s i t i e s  and a narrow range o f  ESR l i n e w i d t h s ,  
AH -6.5 G. While v i t r i n i t e  and i n e r t i n i t e  show cons ide rab le  ove r lap  i n  
ma!!ral d e n s i t i e s ,  t h e  i n e r t i n i t e  l i n e w i d t h s  a r e  d r a m a t i c a l l y  smal le r ,  -1-2 
G, as opposed t o  -5.5-7.5 G f o r  t h e  v i t r i n i t e s .  Th is  s i g n i f i c a n t  l i n e w i d t h  
d i f f e r e n c e  may a s s i s t  i n  t h e  d i s c r i m i n a t i o n  o f  maceral types. As F i g u r e  2 
i nd i ca tes ,  two macerals which p e t r o g r a p h i c  ana lyses  i n d i c a t e d  t o  be 
i n e r t i n i t e ,  f a l l  i n t o  t h e  v i t r i n i t e  maceral f i e l d .  Since t h e  smal l  
p a r t i c l e  s i z e  r e q u i r e d  f o r  separa t i on  (-3m) compl ica tes  t h e  p e t r o g r a p h i c  
ana lys i s ,  combined ESR and p e t r o g r a p h i c  examinat ions  may prove u s e f u l  i n  
f u t u r e  maceral t y p e  de terminat ions .  It i s  a l s o  i n t e r e s t i n g  t o  n o t e  a weak 
t r e n d  i n  t h e  v i t r i n i t e  o f  decreas ing  AH w i t h  i n c r e a s i n g  maceral 
dens i ty .  
d e n s i t y  r e s u l t e d  f rom a l a r g e r  f r a c t i o n  o f  a romat i c  species,  reduc ing  
p r o t o n  broadening o f  t h e  carbon r a d i c a l  l i n e w i d t h  . 
l e s s  obvious, as F i g u r e  3 i n d i c a t e s ,  E x i n i t e  samples have r e l a t i v e l y  low 
d e n s i t i e s  and r a d i c a l  i n t e n s i t i e s ,  as migh t  be a n t i c i p a t e d  f o r  a l i p h a t i c -  

\ r i c h  macerals. V i t r i n i t e  and i n e r t i n i t e s  e x h i b i t  i n t e n s i t y  v a r i a t i o n s  i n  
excess o f  an order-of-magnitude, and t h e r e  i s  no c l e a r  v a r i a t i o n  o f  

; i n t e n s i t y  w i t h  t h e  p h y s i c a l  d e n s i t y  o f  t h e  macerals. Th i s  suggests t h a t  a 
, v a r i e t y  o f  f a c t o r s ,  i n c l u d i n g  t h e  na tu re  o f  t h e  o rgan ic  spec ies  and t h e  

d e t a i l s  o f  t h e  c o a l i f i c a t i o n  process may serve  as de terminants  o f  t h e  
number o f  carbon r a d i c a l s .  

Examinat ion of t h e  ESR l i n e w i d t h  and t h e  maceral  d e n s i t y  show 

Such a decrease might  be a n t i 8 p a t e d  i f  t h e  i nc reased  maceral  

The r e l a t i o n s h i p  between ESR i n t e n s i t y  and maceral  d e n s i t y  i s  f a r  

A d i r e c t  comparison o f  ESR l i n e w i d t h  and i n t e n s i t y ,  shown on 
, F i g u r e  4, shows a s i g n i f i c a n t  dependence on t h e  t y p e  o f  coa l  sample b e i n g  
I examined. I n  t h i s  case, o p e n - c i r c l e  symbols des igna te  PSOC 106 samples, 
, open-squares - PSOC 297, and o p e n - t r i  ang l  es PSOC 1005. 

des igna te  t h e  balance o f  t h e  v i t r i n i t e  samples examined. No obvious 
c l u s t e r i n g  o f  v i t r i n i t e  samples of a s i n g l e  t y p e  i s  observed. 
t h a t  AH i s  n e a r l y  independent of ESR i n t e n s i t y  suggests t h a t  unreso lved 
h y p e r f i g &  i n t e r a c t i o n s  w i t h  ad jacent  p ro tons ,  r a t h e r  than  d i p o l e  
i n t e r a c t i o n s  betwe n carbon r a d i c a l s ,  a r e  respons ib le  f o r  t h e  observed 
l i n e w i d t h .  

Sol i d-c i  r c l  es 

The f a c t  

The ESR 
o f  d i f f e r e n t  coa ls  
t h e  t h r e e  PSOC coa 
t h e r e  i s  a general  
dens i t y .  For PSOC 
v a r i a t i o n  observed 
1005 shows a broad 

i n e w i d t h  v a r i a t i o n  w i t h  d e n s i t y  f o r  v i t r i n i t e  macerals 
i s  p resen ted  i n  F i g u r e  5. 
s mentioned i n  F i g u r e  4. As suggested i n  F i g u r e  1, 
tendency f o r  l i n e w i d t h  t o  decrease w i t h  i n c r e a s i n g  
106 and 297, t h e r e  i s  l i t t l e  d e n s i t y  o r  l i n e w i d t h  
f o r  t h e  v i t r i n i t e s  from each coa l .  Conversely, PSOC 
range o f  d e n s i t y  v a r i a t i o n s ,  and t h e  l i n e w i d t h  

The open-symbols des igna te  

inc reases .  The source o f  t h i s  d i f f e r e n t  behav io r  i s  s t i l l  under 
i nves t  i gat  i on. 
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The i s o l a t e d  i n e r t i n i t e  macera ls  p r o v i d e  an o p p o r t u n i t y  t o  
examine t h e i r  d i s t i n c t l y  d i f f e r e n t  p r o p e r t i e s .  
t h a n  t h e  e x i n i t e  and v i t r i n i t e  ESR s i g n a l s ,  t h e  ESR a b s o r p t i o n  i s  s t i l l  
symmetric. The l i n e w i d t h  v a r i e s  d r a m a t i c a l l y ,  f rom H = 0.89 - 2.00 
Gauss, and t h e  l i n e w i d t h  i s  t empera tu re  independent. 
resonance a b s o r p t i o n  v a r i e s  app rox ima te l y  as I / T ,  t h e  C u r i e - l i k e  
s u s c e p t i b i l i t y  expected f o r  s i m p l e  magnet ic  spins.  Mot ion o f  these r a d i c a l  
spec ies c o u l d  account f o r  t h e  r e l a t i v e l y  narrow l i n e w i d t h ,  

While s t r i k i n g l y  narrower 

P Ie  i n t e n s i t y  o f  the 

CONCLUSION 

We have s u c c e s s f u l l y  examined a s u i t e  o f  very  smal l  ( d o  mg) 
samples by ESR. D i f f e r e n t  maceral t y p e s  have s t r i k i n g l y  d i f f e r e n t  
s a t u r a t i o n  behavior  and a r e  r e a d i l y  d i s t i n g u i s h e d  i n  a H / d e n s i t y  
ana lys i s .  
dens i t y .  Surveys o f  v i t r i n i t e s  f rom t h r e e  o f  t h e  PSOC coa ls  suggest t h a t  
i n t e n s i t i e s  a r e  reasonably  s i m i l a r  w i t h i n  a g i ven  coa l ,  bu t  can vary 
s i g n i f i c a n t l y  f rom one coa l  t o  t h e  next .  

Radica l  i n t e n s i t i e s  vary w i d e l y  and a r e  not  r e @ t e d  t o  phys i ca l  

A t  present ,  we a r e  c o r r e l a t i n g  ese r e s u l t s  w i t h  m ic roana lys i s  
' o f  e lemental  composi t ion and s o l i d  s t a t e  !!I C NMR es t ima tes  o f  carbon 

a r o m a t i c i t i e s .  These s t u d i e s  w i l l  be r e p o r t e d  elsewhere. 
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151 

236 

240 

268 

285 

297 

TABLE I :  MACERAL RESUkE 
( I n d i c a t e d  numbers a r e  t h e  macera l  d e n s i t i e s  i n  gm/cm3) 

PSOC #/Maceral  Type V i t r i  n i t e  E x i n i t e  

1 1.257 - 
81  WHOLE COAL - 
106 1.291 1.191 

1.330 - 
1.334 - 
1.371 

1.385 

1.278 

1 407 

1.272 

1.276 

1.264 

1.271 

1.305 

1.340 

317 

409 

/ 592 

594 

852 

975 

1005 

1.317 

1.302 

1.306 

1.332 

1.314 

1.408 

1.345 

1.382 

1.420 

1.455 

1.486 

I n e x t i n i t e  

- 
- 

1.413 

1.447 

1.475 

1.040 1.384 

1.149 1.436 

1.165 

1.200 

1.207 
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FIGURE 2: 
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F I G U R E  3: Carbon r a d i c a l  
i n t e n s i t i e s  do n o t  depend 
e x p l i c i t l y  on rnaceral t y p e  
o r  rnaceral d e n s i t y .  
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FIGURE 4 :  A weak v a r i a t i o n  
of ESR l i n e w i d t h  o n  ESR 
r a d i c a l  i n t e n s i t y  i s  
observed. 
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- 5: A weak decrease in  ESR l inewidth with rnaceral density i s  observed f o r  
v i t r i n i t e  macerals. 
from a given coa l .  

L i t t l e  systematic change i s  observed f o r  rnacerals 
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